The Na+/H+ antiport is an important regulator of cellular volume, pH and Na+ concentration in mammalian cells. The stoichiometry of this antiporter has previously been shown to be a 1: 1 exchange of internal HI for external Na+. We have investigated this stoichiometry in human leucocytes by using a novel intracellular pH-clamping technique and measuring 22Na' influx and H+ efflux in the same cells. As internal pH was lowered, the stoichiometry of H+/Na+ exchange rose to a mean + S.D. of 2.23 + 0.69. This mechanism allows a higher HI efflux in the face of intracellular acid stress without causing excessive intracellular Na+ overload. 
INTRODUCTION
Intracellular pH in mammalian cells is closely regulated, and several mechanisms are involved [1] . Amongst these, the Na+/H+ antiport is important not only as an internal pH regulator, but also in the control of intracellular Na+ content and cellular volume [2] . The antiport normally exchanges a single H+ ion for a single Na+ ion, and its operation is therefore electroneutral [2] [3] [4] [5] [6] [7] . These investigations have all been carried out on membrane vesicles and not on intact cells. Others have demonstrated an electroneutral 1: 1 H+/Na+ exchange in mouse soleus by the NH4+ 'pre-pulse' technique [8] , which lowered intracellular pH to about 6.5. There is no report of the stoichiometry of this antiport in intact human cells. We therefore studied the effects of an intracellular acid load delivered by a double-ionophore technique on the H+ efflux and Na+ influx of human leucocytes.
METHODS

Materials
Tissue-culture fluid (medium 199) (TC 199), nigericin, monensin and non-esterified-fatty-acid-free bovine serum albumin (NEFA-free BSA) were from Sigma Chemical Co. The acetoxymethyl ester of bis(carboxyethyl)-carboxyluorescein (BCECF-AM) was from Cambridge Bioscience, and ethyl isopropyl amiloride (EIPA) was a gift from Professor Alexander Bearn, Merck, Sharp and Dohme International, Rahway, NJ, U.S.A. All other AnalaR chemicals were from BDH Chemicals Ltd. The TC199 was adjusted to pH 7.4 (Na+, 140 mmol/l; K+, 5 mmol/l) and was nominally free of HCO3-.
Subjects
Nine normal lean subjects were studied after an overnight fast. Blood was taken from an intravenous cannula after 30 min bed rest. Leucocytes were prepared from 100 ml of blood by dextran sedimentation [9] , and residual erythrocytes were lysed by hypo-osmotic shock.
Measurement of Na+/H+ antiport activity at different internal pH
One half of the leucocyte pellet was loaded with BCECF-AM (final concentration 10-mol/l) in TC199 at 37°C for 30 min [10] . Cells were then washed twice with TC 199 and left at room temperature for 30 min before any measurement was made.
All experiments were done in the absence of CO2 and in media nominally free of HCO3-, so that Cl-/HCO3-exchange would not contribute to intracellular pH changes. Intracellular pH was determined by measuring the fluorescence of the BCECF on a Perkin-Elmer luminescence spectrometer (LS-5B) equipped with a magnetic stirrer and thermostatically warmed cuvette holder. The excitation wavelength was set at 500 and 439 nm (slit width 2.5 nm) and the emission wavelength at 530 nm (slit width 10 nm). The fluorescence ratio (500/439 nm) was obtained by dividing the emission signal when excited at 500 nm with that at 439 nm. All experiments were calibrated by suspending leucocytes in KCI buffer [(in mmol/l): KCI, 140; CaCl2, 1.8; MgSO4, 0.8; Hepes, 15; glucose, 5; nigericin, 2 (,umol/l); monensin, 5 (umol/l), adjusted to different pH values ranging from 6.0 to 7.8 at 37°C with Tris base or HCI] and then determining the fluorescence ratio (500/439 nm) [10, 11] .
The intracellular pH was clamped at different internal pH values by using a double-ionophore technique [11] . Briefly, leucocytes were suspended in KCI buffers containing the ionophores nigericin (2 ,mol/1) and monensin (5 ,mol/l). The pH of the buffers was set at 6.0, 6.3, 6.5, 6.7 and 6.9. After incubating the cells in this buffer for 5 min at 37°C, they were spun down and washed with an identical KCI buffer at the same pH, but which lacked the ionophores and contained NEFA-free BSA (1 g/l). This removed the ionophores and kept the internal pH clamped at the desired level [11] . The intracellular pH remained steady for periods up to 20 min at 37°C [11] . The leucocytes were then suspended in 0.1 ml of this KCI buffer containing NEFA-free BSA and pipetted into cuvettes. On the addition of 1.9 ml of NaCl buffer [(in mmol/l): NaCl, 140; KCl, 5; CaCl2, 1.8; MgSO4, 0.8; Hepes, 15; glucose, 5; NEFA-free BSA 1 (g/l), pH 7.4 at 37°C] there is a standard inward gradient of external to internal Na+ (133-0 mmol/l) and an outward gradient of internal to external H+ (clamped internal pH level to 7.4 externally). The internal pH thus rises towards its resting level, and the rate of change of pH over the first 20 s was determined. The effect of EIPA was studied by incubating cells with EIPA (10-' mol/l) for I min before addition of the NaCl buffer, which also contained EIPA (10-5 mol/l). Thus the EIPA-insensitive H+ efflux with time could be measured. The EIPA-sensitive rate of change of intracellular pH was the difference between the rates measured with and without EIPA and represents activity of the Na+/H+ antiport.
To convert the rate of change of intracellular pH into H+-efflux rates, it was necessary to determine buffering power at all the different internal pH values to which that cells were loaded, and this was done by adding (NH4)2SO4 (8-16 mmol/l final concn.) to cells clamped at different internal pH values measuring the change in intracellular pH. The pH of the buffer was then measured directly by placing a pH electrode into the cuvette. Buffering power was calculated as follows: [pH. and pHa are the pH ofthe buffer and the intracellular pH respectively after adding the (NH4)2SO4.] The pKa of NH3 at 37°C is 8.89. The units are mmol l-1pH unit-'. H+ efflux rates were then calculated as the product of buffering power and rates of change of internal pH after the addition of external Na+ and are expressed in mmol .1-1 -min-'. As all leucocytes were depleted of intracellular Na+ (by monensin), differences in H+ efflux rate were not due to differences in intracellular Na+ content between subjects. Measurement of intracellular Na+ in cells with intracellular pH clamped at different levels
The depletion of intracellular Na+ of cells suspended in the KCI buffers containing nigericin and monensin was checked by clamping intracellular pH at 6.5 and 6.0, as detailed above. After washing the cells once in KCI buffer containing BSA, the leucocytes were then washed three times in iso-osmotic ice-cold MgCl2 buffer (MgCl2, 95 mmol/l; Tris base, 5 mmol/l, pH 7.4 with HCI) and then dried to constant weight [9] . Na+ was then leached out with HNO3 (I mol/l) and measured by flame photometry. Cell water was measured in an identical leucocyte pellet using 3H20 to 
RESULTS
When intracellular pH was clamped at 6.5 and 6.0 by using the two ionophores in Na+-free KCI (140 mmol/l) buffers, the intracellular Na+ was effectively depleted by the monensin (intracellular Na+ concentration at pH 6.5, 0.19+0.02mmol/1 of cell water; at pH 6.0, 0.15+ 0.02 mmol/l of cell water; compared with control leucocytes, 9.13 + 0.17 mmol/l of cell water).
A typical H+-efflux experiment is illustrated in Fig. 1 . Leucocytes were clamped at an internal pH of 6.0. When external Na+ was added, there was a rapid intracellular alkalinization due to the exchange of external Na+ for internal H4. EIPA at a concentration of 10'5 mol/l inhibited this external Na+-dependent H4 efflux. The calculated total H+-efflux and Na+-influx rates and the corresponding EIPA-insensitive H+-efflux and Na+-influx rates over various internal pH ranges are shown in Table  1 . The EIPA-sensitive rates of H+ efflux and Na+ influx were computed as the difference between the total and EIPA-insensitive flux values. progressively more acid levels in the range from pH 7 to 6, EIPA-sensitive H4 efflux rose substantially. EIPAsensitive Na4 influx initially matched the H4 efflux when J the intracellular pH was around 6.9. However, as internal 4 pH fell below this, the Na4 influx was progressively lower than the measured H4 efflux, indicating that stoichiometry of H4/Na4 exchange via the Na4/H4 antiport was increasing.
The stoichiometry of H4 efflux/Na+ influx was 2.23 + 0.69 at an internal pH of under 6.2. This was significantly different from the stoichiometry at a pH of greater than 6.8 (1.04+0.25, P < 0.001) or in the range 6.6-6.8 (1.32 +0.46, P < 0.007), but not in the ranges 6.4-6.6 (1.69 +0.53) or 6.2-6.4 (2.11 +0.55). Table 2 shows the maximal transport rates for EIPAsensitive H+ efflux and Na+ influx, the dissociation constants and Hill coefficients (h) for the intracellular-H+-concentration-dependence of these fluxes. There was a very significant difference in the maximal EIPAsensitive HI efflux compared with the EIPA-sensitive Na+ influx. The h values were also very different. Although there was a co-operative effect of intracellular H+ concentration on EIPA-sensitive H+ efflux (indicated by a mean h value of about 2), there was no evidence of such a co-operative effect on EIPA-sensitive Na+ influx (as the mean h value was about 1). There was a small difference in the Km for intracellular H+ on H+ efflux compared with Na+ influx.
DISCUSSION
We have used a double-ionophore technique to clamp intracellular pH at different levels. This method was shown to deplete leucocytes of intracellular Na+, as monensin exchanges the internal Na+ for external H+ [14] . The nigericin is a K+/H+ ionophore [14] and would set the intracellular pH to equal extracellular pH [10] . Thus the two ionophores in the presence of iso-osmotic KCI would simultaneously deplete cells of intracellular Na+ and clamp the internal pH at whatever level was desired.
EIPA is a derivative of amiloride which is more specific for inhibiting the Na+/H+ antiport and has minimal effects on Na+ channels or Na+/Ca2" exchange [15] . A large fraction of the leucocyte H+ efflux and Na+ influx was blocked by this inhibitor, and this EIPA-sensitive component may represent the Na+/H+-antiport activity of the cells studied.
Previous work on membrane vesicles has revealed the stoichiometry of Na+/H+ exchange to be close to 1:1 [3] [4] [5] [6] [7] . In the present study this was true at an intracellular pH of 6.9. As intracellular pH fell below this, there was a progressive rise in both the H+ effilux and the Na+ influx, but the former was the larger, resulting in a doubling of the H+/Na+ exchange ratio at pH 6.0. This suggested that intracellular H+ ions had a co-operative effect on their own efflux, but showed no co-operative effect on the accompanying Na+ influx. It is uncertain whether the use of intact cells instead of membrane vesicles [3] [4] [5] [6] [7] Another consequence suggested by the present study is that the imbalance of H+ efflux and Na+ influx at low internal pH would produce cellular membrane hyperpolarization, as about 2 H+ ions would be expelled for every Na+ ion entering the cell. This membrane hyperpolarization has previously been attributed to electrogenic Na+ efflux via the Na+,K+-ATPase due to the rise in intracellular Na+ that results from Na+ influx via the activated Na+/H+ antiport [16] . The present results, suggestive of an altered stoichiometry of the H+/Na+ exchange at low intracellular pH, would mean that part of the initial recovery of membrane potential towards its resting level could be due to activation of Na+/H+-antiport activity. However, as the stoichiometry of H+/Na+ exchange falls to near 1 when intracellular pH is above 6.7, the antiport would no longer contribute to changes in membrane potential under conditions of mild intracellular acidosis (e.g. pH 6.7-7.0).
In conclusion, simultaneous measurement of H+ efflux and Na+ influx in the intact human leucocyte under different intracellular acid loads showed an increase in H+ efflux greater than in Na+ influx, indicating that the stoichiometry of the Na+/H+ antiport does deviate from 1, in contrast with previous findings. This may allow the disposal of an intracellular acid load without cellular swelling from increased Na+ content. Some ofthe changes in membrane potential found under conditions of intracellular acid loading may be secondary to this imbalance of H+ efflux against Na+ influx.
